The today mainly incorporated sensory modalities vision and hearing are most often highly charged due to an increasing number, as well as a rising complexity of diversified assistance systems in vehicles. These systems, originally developed for "supporting" the driver in its tasks, increasingly directs to operation errors caused by cognitive overload. The sense of touch -as additional interaction channel -should have the ability to release cognitive load from visual and auditory channels by adapting in a natural, intuitive and non-distracting manner.
Motivation
It is evidenced that the majority of information in vehicles is delivered via the two sensory channels vision and hearing, e.g. in Toennis et al. [34] . Approximately 70% to 85% of all sensory input is received via the eyes, 10% to 15% with the ears and about 10% or less as touch sensations via the skin (Mauter et al. [23] , Hills [17] , Dahm [6] ). Verwey et al. [37] stated that the most dominant source of danger in vehicles is "not looking in the appropriate direction [..]", Wierda and Aasmann [38] formulated it concisely as "Driving is seeing [..]". The remaining two modalities olfactory and gustatory adds less than one percent each and thus can be disregarded.
The sense of touch, although it makes only a little contribution to information delivery compared to visual and auditory senses, offers potential for several reasons (Brown [2] for instance stated already in 1965 that tactile stimuli are viable as sensory aid to compensate the overload of usual means of communication):
(i) A steadily rising number of advanced driver assistance systems (ADAS), combined with an increase in operation complexity, directs to high cognitive load for the driving person, in particular when using only eyes and ears for information reception. Subsequently this can result in operation errors and casualties caused by overlooking information or fail to hear some messages.
(iv) Certain feedback options (established in traditional computer systems) are not appropriate in the vehicular context, e.g. information-rich displays would not be permitted while driving [22] .
Concerning these limitations, touch-based interaction would be a good option for beeing utilized in the vehicular domain, because it is insensitive to changing conditions of illumination, and is in its performance not reduced on the current direction of fixation. Moreover, it is not adversely affected from background noise or superposition of voice, examined for instance by Wilkins [39] , who stated that high levels of noise may be associated with higher accident rates.
Haptic Interaction
BMW's "iDrive" (2001) and similar control concepts of other automobile manufacturers, e.g. Renaults' "joystick" [15, p.15] , shows that the utilization of haptics has potential for offloading screen communication and increasing perceptual bandwidth. A vibro-tactile seat therefore seems to be a qualified platform for delivering additional information to the driving person.
Brewster et al. [1] found that it is particularly difficult to interact with small-sized or mobile devices on buses or trains, where the journey can be very bumpy by reason of road or rails condition. Similar interaction modalities appears in vehicles where the driver wants to control technical appliances like a navigation system or an on-board computer during the ride. In acceleration and deceleration phases, for instance on crossings or in sharp bends, passengers are subjected to a lot of forces and vibrations (beside that from the roadbed, especially on gravel roads, impact results from motor movements or from lateral forces released by steering the vehicle). These concerns can be resolved when incorporating touch sensors in the seat, employed for dynamically reconfiguring haptic feedback based (i) on the driver's current sitting posture and (ii) on actual vibration forces from the environment.
General conditions of the proposed system include the facts that vibro-tactile stimulation is (i) (much) stronger than the permanent vibrations resulting from the environment, (ii) highly-different in its feeling as opposed to underground vibrations, and (iii) universal applicable because tactor elements are placed all-over the seat and back 1 .
Risk of In-vehicle Vibrations
The seat, which is all-the-time in contact with the driving person, plays one of the most important roles in driving behavior, and is responsible e.g. for driving safety, comfort or discomfort. It relays most of the vibrations emerging during steering a car to the driver [25] . Niekerk et al. [24] investigated on the sources of vibration and distinguished between (i) road input via tyre contact and (ii) induced vibrations from the power train; Wu et al. [40, p.939] later confirmed this two sources of vibration. A extensive study of the progress of the parameters fatigue, discomfort, and performance of a driver while seating on a vibrating seat for a long time has been presented by Falou et al. [8] . They found (i) that subjects became increasingly uncomfortable during the trial of 150 minutes (true for all experimental conditions) and (ii) that driver performance was worst when sitting in a uncomfortable seat with presence of vibrations and best when sitting in a comfortable seat with absence of vibrations. The European Union "Vibration Directive" 2002/44/EC places responsibilities on employers to ensure that risks from whole-body vibrations are eliminated or reduced to a minimum. A whole-body vibration in this context is caused by vibrations transmitted through the seat by vehicles. Exposure to high levels of whole-body vibration can for instance present risks to health and safety [13] . Other studies focussing on vibration dispersal in vehicles and their impacts on driver discomfort have been presented in [26] , [19] , and [7] .
Tan et al. [32] reported that much research effort has been spent on vehicle seat design during the last years in order to cope with the discussed problems. One approach to reduce the negative effects of vibrations has been presented by Frechin et al. [9] as the "ACTISEAT" -an active seat which isolate passengers as well as equipment in vehicles from vibration and compensate to a certain extent for acceleration in all directions.
Vibro-tactile Displays
Van Erp and Van Veen [35] conducted navigation experiments triggered from visual, haptic and combined stimuli. Their tactile display consists of two stripes of four tactors each, integrated into the seat and vibrating constantly at 250Hz. The remaining distance to a required course change is notified with decreasing inter-stimulus interval. Van Erp et al. [36] measured workload and reaction times for visual, tactile and multimodal navigation displays in a driving simulator (the tactile display was built-up from eight vibrating elements, integrated into the driver seat). Ho et al. [18] investigated on the potential use of vibro-tactile signals to present spatial information to the driver of a car with notifications through vibro-tactile stimuli on their front or back. Tan et al. [33] combined input from pressure sensors on the seat with output from tactor elements embedded into the back of the seat, and integrated this system into a driving simulator. They used the pressure sensors to determine if the driver intends to change the lane, and then gave attentional vibro-tactile cues.
Suggestions for a Vibro-tactile Seat System
The vibro-tactile seat proposed in the actual experiment is situated one level above other known tactile systems. It is recommended to use a seat for haptic interaction, built-up from pressure and vibration array mats, similar in size and shape and one placed on the top of the other (see Figure 1 ).
Pressure Mats
Arrays of Vibro-tactile Elements In more detail, this research work is foccused on the investigation of intuitive perceivable haptic feedback in vehicle seats. Starting with a static and dynamic evaluation of sitting habits on a large number of test persons (N = 34), a system automatically (and dynamically) reconfiguring itself with the objective to provide accurate haptic feedback on the vibro-tactile seat is presented. Finally, the application of this system should assure that users' feedback fulfill the following properties:
(i) Person-independence: Haptic output is autonomous from and insensitive to the personal preferences and characteristics of a driver (sitting position, shape of back or bottom, etc.).
(ii) Calibration-free: The vibro-tactile seat requires no calibration at all, thus is maintenance-free and can be immediately used by any driving person.
(iii) Weight-sensitive: The weight of the driver (calculated from the pressure distribution on the mat) is used to control the intensity level of vibrations (ensure similar feedback experience for any person).
(iv) Environmental-aware: Vibration forces arising from vehicles' engine, from road conditions (such as road holes) or from lateral forces are compensated to not affect drivers' haptic perception.
Outline
The rest of the paper is organized as follows: Section 2 starts with an introduction of considerable haptic characteristics, section 3 discusses questions regarding the physical implementation of vibro-tactile mats. Section 4 describes the features utilized for analysis and presents evaluation results. The concluding section presents our findings and gives propositions for a real implementation of the vibrotactile seat.
Touch Sensation
Haptic interaction as interdisciplinary field of research is relatively new, first relevant work has been presented by Hayward et al. [16] or Craig and Rollman [5] . Linjama et al. [21] observed that one of the greatest challenges for the application of haptics is to guarantee that haptic cues complies with cues provided by the other sensation channels (e.g. vision and hearing). This is caused by the fact that humans' perception uses all the sensory modalities in an integrated manner (Pai, [27, p.2] ). An example in the automotive domain would be for instance the utilization of haptic feedback for indicating turns. The vibration frequency is required to be synchronized with the frequency of the flashing relay. If one blinker light is damaged, the frequency of haptic feedback has to be doubled -alike it is done by the original relais.
Tactor Placement for Skin Stimulation
The skin, as humans largest sensing organ, can process about 1M bit/s [16, p.21] . According to the information bandwidth, tactile data processing is situated between the visual (10M bit/s) and the auditory (100kbit/s) channel of sense. It has been evidenced that the receptor density is not uniformely distributed around the body [4] ; the density values for both back and bottom allows to determine the optimal number and distance of actuators, integrated into a vibro-tactile seat. Table 1 exhibits the relevant part of a two-point discrimination threshold experiment (adapted from Gallace [10] and Gibson [12] , [11] 
Implicit Feedback via the Vibro-tactile Seat
The concept of a vibro-tactile seat, comprising pressure sensor arrays and vibro-tactile pads, highlight its' poten-tials. For example it is operating fully implicit and requires no calibration or adjustments regarding drivers' individual characteristics such as size, weight or figure.
Previous pressure sensing experiments, conducted with the same type of pressure sensors arrays, showed us that the occupation on the seat (respectively the surface on the mat) is person dependent and highly dynamic (caused by bump roads, curbs, road holes, or from the "style" of driving). When using haptic actuators in the seat for delivering feedback to the driver the transmitted vibro-tactile patterns needs to be adapted dynamically to a driver's current sitting position and covered area, in order to give a proper feedback in any situation, and for every person (Figure 2 gives a sketch of this idea).
Requirements Analysis
Haptic feedback content with proper tactile cues has the potential to make overall interaction more ergonomic and natural -but on the other side, providing users' with inadequate feedback might impair their performance [31] . When intending to use haptic stimulation as (additional) feedback dimension a number of issues have to be considered [14] [p.2f]: (i) Activation frequency and duration, intensity range and recovery times, (ii) kind of stimulation device (e.g. pneumatic, thermal, piezo-electric, vibro-tactile), (iii) complex stimulation waveforms, and (iv) actuator location and distance.
In this work, investigation is limited to the factors location and position, partly specified by the threshold distances indicated in Table 1 . Empirical evaluations regarding these criterias are enforced with a prototypic vibro-tactile seat. Before transmitting haptic stimulation to the driver it has to be ensured that he/she is able to realize the full range of haptic information (and in the designated meaning). This can be easily verified by evaluating pressure maps acquired with force sensor arrays in the seat.
The findings from this contribution are mechanisms for dynamically reconfiguring vibro-tactile patterns delivered to the vibro-tactile seat. The proposed solution assures this by (i) stretching or compressing tactile patterns in both xand y-axis (according to a driver's actual sitting posture) and (ii) adapting the vibration intensity in z-axis (corresponding to the driver's weight). Further adjustments to the addressed environmental factors are left out of consideration in this early stage of research.
Specifications of the Vibro-tactile Seat
The seat utilized in the prototype has an interaction area of 430 by 430mm and is an extension of our vehicle sensing system built in 2007. Pressure images from the driving person are acquired from force sensor arrays, integrated into the vehicle seat and back. These input sensors offers the potential for limited person identification [28] or, when evaluated dynamically, allows for driver-influenced, implicit steering activities [30] .
In addition to the sensing capablities the vibro-tactile seat system provides means for haptic output. The practical benefit of haptic feedback in a real driver seat has been evaluated for instance in [29] . Considering threshold distances from Table 1 , seat and backrest should be equipped with a matrix of at least 6 by 6 tactor elements each (see equation (1)).
Utilization Tuples
For characterizing the momentary allocated regions on the pressure mats (="load"), two 4-tuples (one for the seat, one for the back) are utilized (equations (2), (3)).
L(eft) is the index of the first occupied column, R(ight) is the index of the last used column, B(ack) indicates the index of the first allocated row on the back of the seat, and F(ront) is the number of the last used row (on the frontside) of the seat. U(p) and D(own) are the parameters on the back mat, corresponding to "B" and "F" on the seat mat. The utilization tuple for the example in Figure 3 would be (L, R, B, F ) = (3, 32, 2, 32)
The total area of one mat is calculated as A T = 32 rows * 32 columns = 1, 024 (sensor elements). The definition of the covered area A C is given in equation (5), with a maximum of A C = 1, 024 (= A T ) when the entire mat is occupied.
Experiments and Results
For empirical evaluation of the effective benefit of a vibro-tactile feedback system, dynamically modifying haptic feedback based on the momentary sitting attitude of the driving person, several experiments have been accomplished on a total number of N = 34 test persons (voluntary students, colleagues, and friends). 
Statistics on Test Attendees
34 test persons attended the experiment, 27 subjects were male (= 80%), 7 participants were female (= 20%). Male subjects vary in size from s min = 168cm to s max = 194cm (s = 179.44cm, σ s = 8.74cm), and in weight from w min = 58kg to w max = 104kg (w = 75.63kg, σ w = 10.61kg). Female test persons vary in size from s min = 160cm to s max = 173cm (s = 165.86cm, σ s = 5.67cm), and from w min = 46kg to w max = 70kg in weight (w = 58.00kg, σ w = 5.69kg).
Each test subject was asked to get into the car and adjust its seat to sit in a comfortable driving position, with both hands on the steering-wheel and feets reaching clutch and throttle pedal. Moreover, they were instructed to direct their point of view (through the windscreen) toward the road. All artefacts in their back-pockets (such as a wallet or a bunch of keys) have been removed before and the angle between backrest and seat has been fixed for the whole experiment to guarantee data consistency.
Pressure Sensor Readings
For the first series of experiments only static pressure distributions have been considered. It had been processed inside a comfort station wagon with pressure sensor mats attached to both seat and back. In order to dispose sudden movements and avoid measurement errors during data acquisition the measuring process was accomplished in two stages. First, a series of consecutive sensor readings has been recorded, the median for each of the 1, 024 sensor values has been calculated and stored. In a second step, the first stage was repeated at least four times 2 , so that the database finally contained four complete pressure pattern sets for each test participant. Table 2 shows that the mean value of mat-coverage is considerably below the total mat area (although only closed, rectangle regions had been accounted). These regions indicate the sitting area of the current person; two threshold values (5% and 10% of the maximum pressure value, captured on the particular mat) had been used for their detection.
Statistics on Mat-Coverage
More expressive results can be derived from the corresponding percentage values. Surface-occupation for the Table 2 . Occupation-statistics for seat and back mats (Population N=34, two thresholds 5%, 10%).
5%-case is between 76.17% and 96.88% for the seat, and between 43.07% and 93.75% for the back, the particular mean values are indicated in equations (7) and (8).
A C,% , Seat 5% = 928.147 1, 024 * 100% = 90.639% (7) A C,% , Back 5% = 680.971 1, 024 * 100% = 66.501% (8)
Results from both the 5%-and the 10%-case of this evaluation confirms the assumption that it is necessary to recalibrate tactile output in vehicles in order to ensure universal, and equal information delivery.
Calibration Options

A) One size, position for all drivers' (ALL-PURPOSE)
For determining the parameters of this simplest, all-purpose type, the more stable 10%-case (see Table 2 ) has been used. The maximum region, covered by all test persons, is specified by the following two tuples (equations (9), (10)).
(L, R, B, F ) = (7, 29, 7, 30) ; These areas (552, 192 sensors) are significantly smaller than the regions of any individual (which are ranging from 780 to 992 for the seat, and from 441 to 960 for the back). When activating tactor elements only within this two regions, any driver should receive exactly the same vibro-tactile patterns, and thus should allow everybody to interpret them in the designated meaning.
Furthermore, a small-sized and inexpensive generalpurpose solution for vibro-tactile stimulation could be manufactured, endowed with only 4 by 4 elements on the seat, and 4 by 2 tactors on the back (see equations 11 to 14), which would be a reduction to ((4 * 4)/(6 * 6) + (4 * 2)/(6 * 6)) * 100% = 33. The second option is based on static pressure images, acquired on seat-and backrest-mats at time of boarding. These sitting posture images could be either stored in the car as a personal parameter or re-captured every time when getting into the car. In the latter case the optimal region for the haptic feedback would be calculated on-the-fly, incorporating slightly changes in the sitting behavior of a person (caused for instance by different clothes or a changed mental state). The resulting rectangular region for seat and back is superimposed to the total area of vibro-tactile feedback and acts as size-restricting filter (see Figures 2, 7) . The feedback region, which is again fixed for a whole journey, had been calculated for all (34) test persons. Its value is between 76.17% and 96.87% for the seat mat and the 5%-case. Fixing the feedback region is not the best choice, but much better than option A), because of unconsidered, but evidenced, movements of the driver on longer drives (known as "seesawing"). 
C) Individual-adjusting in realtime (DYNAMIC)
The third option is an extension of case B), and is the most complex setting. It is specified by a real time calibration process, continuously adapting the vibro-tactile feedback areas according to a driver's momentary sitting behavior. For that, the occupancy of both pressure mats is evaluated constantly, and affects position and intensity of vibro-tactile feedback (as outlined in Figure 5 ). 
Conclusions
This research paper was focussed on the development of an innovative vibro-tactile seat for haptic interaction. Two types of mats, one for pressure sensing and another one for haptic stimulation, which are similar in size and shape are integrated into seat and backrest of a vehicle seat. The novelty in the proposed setting is that the size and place of vibro-tactile notification is reconfigured based on drivers' sitting postures (by stretching or compressing tactile patterns in x-, y-, and z-axis). Empirical evaluations from a large number of pressure data sets endorsed the expressed assumption that there is a demand for reconfiguring the regions of haptic feedback in order to guarantee similar perception of a certain vibro-tactile pattern for any driver, and in any driving situation.
Three calibration-options have been identified (presentation in order of complexity):
A) ALL-PURPOSE: Using this calibration option would result in a small-sized, inexpensive vibro-tactile feedback system, built-up under consideration of the maximum regions occupied by all test persons. This approach allows to reduce the necessary size (respectively the number of sensor and actuator elements) to 33.3% of the original dimension. No further reconfiguration (or calculation) at runtime is necessary -the small size of this system should be covered by driving persons of any figure, and in all driving situations. B) STATIC: A vibro-tactile seat using this calibration option operates already user-specific by employing his or her pressure images at time of boarding. The resulting rectangular region acts as size-restricting filter for vibro-tactile output and is fixed for a whole journey. This is suboptimal, because of unconsidered, but evidenced, movements of the driver on longer journeys. C) DYNAMIC: This option is an extension of option B) and is characterized by a fully dynamic calibration process, adapting the vibro-tactile feedback regions continuously during a ride, according to drivers' momentary sitting attitudes.
Further Work
The next step will be the development of a hardware prototype of the vibro-tactile seat as proposed in this work to examine for instance the ability or willingness of a driver to adapt to this uncommon user-centered interaction design. To verify this, a real driving experiment is planned where the haptic feedback for specific operations (such as "turn right") will not be fixed to the right edge of the seat, but dynamically adjusted and for instance in the middle of the seat if a slim person is driving, sitting on the absolute left side of the seat (as indicated in Figure 7 ).
